ABSTRACT. Saccharum spontaneum is the most variable wild relative of sugarcane with potential for use in sugarcane improvement programs. In order to help preserve and exploit this species, 152 accessions from eight major geographical regions in China, including Hainan, Guangdong, Guangxi, Yunnan, Sichuan, Guizhou, Fujian, and Jiangxi provinces, were investigated by analyzing 20 simple sequence repeats (SSRs), including 11 genomic SSRs (gSSRs) and nine SSRs developed from expressed sequence tags (EST-SSRs). A total of 454 alleles were generated by the 20 SSRs, with 295 and 159 alleles detected by gSSRs and EST-SSRs respectively. The Mantel test showed significant correlation between genetic matrixes among the studied accessions revealed by gSSRs versus EST-SSRs, although the average polymorphism of EST-SSRs (17.7) was much lower than that of gSSRs (26.8). Among the eight provinces, collections from Guizhou were the most diverse and those from Guangdong were the most distinct. Clustering analysis and principal component analysis accordantly classified the accessions into four groups, which were "Southwest Genetic diversity of S. spontaneum L. in China group", "Hainan group", "Guangdong group", and "Guangxi group", based on the geographical origin of the major accessions in each group, demonstrating that geographical factors play an important role in the pattern of genetic structure of Chinese S. spontaneum. As two (Guizhou and Yunnan) of the three provinces with highest genetic diversity are located in southwest China, we concluded that southwest China is the region with the highest genetic diversity of S. spontaneum.
INTRODUCTION
Saccharum spontaneum L. is a wild relative of sugarcane cultivar (Saccharum spp) with high levels of disease resistance, adaptability and stress tolerance (Bremer, 1961) , which has been successfully exploited in sugarcane improvement programs since 1915 by hybrid breeding with Saccharum officinarum. It has been estimated that an average of 15-25% of chromatin in commercial sugarcane is derived from S. spontaneum (Sreenivasan et al., 1987; Glaszmann et al., 1989; D'Hont et al., 1993) . In view of its importance in sugarcane improvement programs, there have been many concerted efforts to collect and assess S. spontaneum germplasm, and to exploit its genetic potential in sugarcane breeding (Tai and Miller, 2001; Amalraj et al., 2006; Mary et al., 2006; Qi et al., 2009) .
In China, S. spontaneum is widespread within the geographical range of northern latitudes of 18°-33° and eastern longitudes of 97°-122° (Chen and Phillips, 2006) . Native S. spontaneum has been used in sugarcane improvement in China since the 1950s (Deng and Zhang, 2006) . Through interspecific hybrid breeding of S. spontaneum with S. officinarum and the offspring's backcrossing with Saccharum spp, many elite "Yacheng" lines with high yield, high sucrose, or resistance to some disease or abiotic stress have been developed, some of which have been the major parental resources in mainland China's sugarcane breeding program (Lao et al., 2008; Zhang et al., 2009) . For better preservation and utilization of S. spontaneum, several studies on the genetic diversity of Chinese S. spontaneum have been reported. An early study indicated that most clones of Chinese S. spontaneum from the southwest region were 2n = 80, and some 2n = 64, in addition to rare ones being 2n = 68 or 116 (Chen et al., 1981) . In recent years, using DNA markers such as RAPD and SRAP, the genetic diversity of S. spontaneum in some geographical regions in China was also investigated (Zhang et al., 2010; Chang et al., 2012) , which showed that there was substantial genetic variation within the accessions studied.
Simple sequence repeats (SSR) or microsatellites are short fragments of DNA that consist of small motifs of one to six tandem repeat base pairs (Wang et al., 1994; Jarne and Lagoda, 1996) . EST-SSR is an SSR developed through SSR mining in expressed sequence tags (EST) obtained from partial sequencing of cDNAs (Scott et al., 2000; Thiel et al., 2003) . As ESTs represent part of expressed genes, they can provide direct mapping of genes with known functions, allowing candidate genes involved in important metabolic pathways to be directly evaluated for associations with important agronomic traits (Liang et al., 2000; Cato et al., 2001; Ellis and Burke, 2007) . EST-SSRs have been widely used for germplasm analysis, cultivar identification, parent evaluation, genetic mapping, and marker-assisted selection in many crops including Saccharum species (Cordeiro et al., 2001; Yu et al., 2004; Han et al., 2006; Sraphet et al., 2011) .
In the present study, 152 S. spontaneum accessions from eight geographical regions, namely Hainan, Guangdong, Guangxi, Fujian, Yunnan, Sichuan, Guizhou and Jiangxi Provinces, were genotyped by SSRs. These eight provinces, located in the south and southwest China, are the major distributed regions of S. spontaneum in China. The objectives of this study were to compare the allelic variations and discrimination power of the two types of SSR in S. spontaneum, to reveal the genetic diversity and structure of Chinese S. spontaneum, and then to provide information for germplasm collection and use in the future.
MATERIAL AND METHODS

Plant materials
A total of 152 S. spontaneum accessions were selected from eight geographical regions: Hainan, Guangdong, Guangxi, Yunnan, Sichuan, Guizhou, Fujian, and Jiangxi Provinces (Figure 1 ). These accessions were maintained in the Guangdong Sugarcane Germplasm Bank, Sanya, Hainan Province, China. 
DNA extraction and microsatellite genotyping
DNA was extracted from young leaf tissue using a modified CTAB procedure (Hoisington, 1992) . DNA concentration was estimated by 0.75% agarose gel electrophoresis along with standard DNA, followed by dilution before PCR amplification.
A total of 20 SSR including 11 gSSRs from the International Consortium of Sugarcane Biotechnology (Cordeiro et al., 2001; Pan, 2006) and 9 EST-SSRs reported by Pinto et al. (2004) were used in this study (Table 1 ). The PCR volume was 25 µL containing 30 ng DNA template, 1.0 U Taq DNA polymerase, 2.5 µL 10X PCR buffer, 2.5 μL 25 mM Mg
2+
, 0.25 mM each dNTP, and 0.3 µM each forward and reverse primer. Amplifications were carried out in a Peltier Thermal Cycler PTC-200 (Bio-Rad, Watertown, MA, USA) with the following profile: initial denaturation at 94°C for 4 min, followed by 30 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 60 s, and a final extension at 72°C for 5 min. Amplified DNA fragments were resolved by electrophoreses on 8% denaturing polyacrylamide gels at 70 W for 2 h and revealed with silver staining (Bassam et al., 1991 
Data analysis
The sugarcane clones were scored for the presence (1) or absence (0) of common bands in the different patterns. The amplified fragments produced by the SSRs were considered alleles of a single locus. Genetic distance (GS) were calculated for all possible pairwise comparisons using the Jaccard method (1908): Jij = 1-A/(A+/B+C), where A was the number of bands common to genotype B and C, B was the number of bands unique to the first genotype, and C was the number of bands unique to the second genotype, using the software package NTSys-pc (Rohlf, 1995) . A phylogenetic tree was constructed on the basis of the neighbor-joining method implemented in PowerMarker version 2.7 (Liu and Muse, 2005) , and the unrooted phylogenetic tree was finally schematized with the software MEGA ver. 3.1 (Tamura et al., 2007) . A principal component analysis (PCA) was performed on the basis of similarity measures to cluster these 96 accessions into major groups using NTSys-pc. Genetic differentiation (Gst) at SSRs loci between the provinces was estimates by F-statistics (Nei, 1973) in Popgene software ver. 1.31 (Yeh et al., 1999) . The Mantel test was conducted to assess the correlation between the genetic distance matrices between the accessions revealed by gSSRs and EST-SSRs in PowerMarker.
RESULTS
Allelic diversity of the gSSRs and EST-SSRs
A total of 295 alleles were detected by 11 gSSRs, of which 239 were polymorphic ( Table 1) Overall, the polymorphism obtained with gSSRs was much higher than that obtained with EST-SSRs. Of the 5 SSRs with polymorphism less than 10, 4 (80%) were EST-SSRs and only 1 (20%) was a gSSR. The average number of alleles detected by EST-SSRs (12.89) was about 59.30% of that by gSSRs (21.72). In contrast to the lower polymorphism, EST-SSRs showed a higher genetic diversity value than gSSRs. The average genetic diversity index of EST-SSRs (0.2708) was 17.02% higher than that of gSSRs (0.2391).
Genetic diversity of S. spontaneum in the eight geographical regions Table 2 shows that 126-316 alleles were detected in the eight regions. Because only three accessions from Jiangxi were genotyped, the number of alleles detected in Jiangxi was the least. Among the other seven provinces, the highest number of alleles was detected in Guizhou, followed by Fujian and Yunnan, whereas Hainan, Guangdong, and Guangxi accessions showed less polymorphism. Comparison of the allelic distribution across the eight provinces indicated that only 3 special alleles could be detected in only one province, so the origin of S. spontaneum accessions could not be discriminated using specific alleles. Of the eight provinces studied, genetic diversity index of accessions from Guangdong, Yunnan, and Sichuan was the highest, and that of Jiangxi, Guangxi, and Hainan was the lowest ( Table 2 . Total number of polymorphic alleles and average genetic diversity index of the accessions in the eight provinces.
Pairwise genetic distances between the eight provinces were calculated (Table 3 ). The maximum distance (0.2690) was found between Guangdong and Yunnan and the smallest distance (0.1975) was observed between Jiangxi and Guangxi. Overall, Guangdong showed the largest genetic difference to the other provinces, with an average Jaccard distance of 0.2582, followed by Yunnan (0.2574), and Fujian (0.2566), whereas, Jiangxi (0.2389), Guangxi (0.2449), and Hainan (0.2550) displayed the smallest genetic distance to the other provinces. For the 355 polymorphic alleles, Gst of 321 alleles (90.4%) across the eight provinces was lower than 0.2, and that of 34 alleles (9.6%) was higher than 0.2. The overall average GST of the polymorphic alleles was 0.1146. gSSRs showed a higher genetic differentiation (0.1197) than did EST-SSRs (0.1095).
Genetic structure within Chinese S. spontaneum
Clustering analysis based on neighbor-joining method indicated that the 153 clones were classified into four genetically distinct groups (Figure 2 ). Group-i was represented by 48 accessions, of which 19, 6 and 10 accessions were from Yunnan, Sichuan, and Guizhou, respectively. Accessions from the three southwest provinces accounted for about 73% of the total Group-i accessions. Therefore, Group-i was characteristic of the "Southwest group". Group-ii with 30 accessions was populated by accessions collected predominantly from Hainan Province. Of the 23 Hainan accessions studied, 20 were classified into Group-ii, accounting for about 66.7% of the total Group-accessions, so Group-ii was characteristic of the "Hainan group". Group-iii consisted of 24 accessions, of which 12 were Guangdong accessions accounting for 50% of this group's accessions, so Group-iii was characteristic of the "Guangdong group". The most obvious feature of the Group-iv was that nearly all Guangxi accessions were classified into Group-iv, accounting about 63% of the total accessions of the group, so Group-iv was identified as the "Guangxi group". The 22 Fujian accessions were dispersed in all four groups, and the 3 Jiangxi accessions were classified into the "Guangdong group" and "Guangxi group". No special group was found for the accessions from these two provinces.
In PCA analysis, the first three PCA axes accounted for 5.5, 3.8, and 3.2% of the total variances, respectively. PCA analysis also classified most of the accessions into four groups in agreement with that by clustering analysis (Figure 3 ). The concordant results by clustering analysis and PCA analysis suggested that there was an obvious genetic structure related to geographical regions within Chinese S. spontaneum. 
DISCUSSION
The development of EST-SSR markers was particularly attractive because they represent coding regions of the genome, which allows for a direct association between genes and important agronomic traits (Cato et al., 2001; Thiel et al., 2003) . In sugarcane, many EST-SSRs have been developed and used in genetic analysis (Pinto et al., 2004; Pinto et al., 2006; Marconi et al., 2011) . However, the previous studies about EST-SSRs in sugarcane were mainly conducted on Saccharum spp, although several wild species including S. spontaneum were included. This study comparatively analyzed the allelic diversity of EST-SSRs and gSSRs within many more S. spontaneum accessions than in other reported studies. In S. spontaneum, polymorphism of EST-SSRs was also much lower than that of gSSRs, which was in agreement with the previous studies in Saccharum and other crops. Of the 9 EST-SSRs used in this study, only 1 EST-SSR (11.1%) was found with polymorphism higher than 20, whereas there were 6 gSSRs (54.5%) of the total 11gSSRs with polymorphism of more than 20. The average polymorphism of EST-SSRs to that of gSSRs (59.3%) was lower than that (75.8%) in other Saccharum species (Pinto et al., 2006) . However, although the polymorphism of the two types of SSRs was much different, this study found that there was significant correlation between genetic relationship matrices between the S. spontaneum accessions revealed by gSSRs and EST-SSRs, respectively (Mantel test, r = 0.7953, P < 0.05), suggesting little difference when assessing genetic relationships between Saccharum clones by these two types of SSRs, which was also in agreement with the previous work of Pinto et al. (2006) and Marconi et al. (2011) .
S. spontaneum has been successfully used in China sugarcane breeding programs for many years (Deng and Zhang, 2006; Zhang et al., 2009 ), but less is known about the genetic diversity of Chinese S. spontaneum, especially the genetic difference in the collections across geographical regions. Therefore, the genetic diversity of the S. spontaneum accessions from eight major distributed regions in China was investigated in this study. In genotyping the accessions by both gSSRs and EST-SSRs, this study showed that Guizhou, Fujian, and Yunnan were the provinces with the largest genetic diversity and that Jiangxi, Guangxi, and Hainan were the provinces with the lowest genetic diversity. Since two of the three provinces with the largest genetic diversity (Guizhou and Yunnan) are located in southwest China, this study suggests that this is the region with the largest genetic diversity of S. spontaneum in China.
Hainan Province differs from other provinces because it is separated from other provinces by a strait (Figure 1) . Hainan is at least 190 km from other provinces, so it is difficult for pollen or stems to be transported between Hainan S. spontaneum and other S. spontaneum. This may be the reason for the low diversity of Hainan accessions found in this study. In addition to lower diversity, no special alleles found in Hainan accessions indicated that Hainan S. spontaneum was introduced from other regions. This study found that Guangdong S. spontaneum showed the closest genetic relationship to Hainan accessions (Table 3) . Indeed, Guangdong is the nearest province to Hainan (Figure 1) . The concordant results suggest that Hainan S. spontaneum originally came from Guangdong.
This study showed that there was obvious genetic structure related to geographical origin within China's S. spontaneum. The classification analysis and PCA analysis concordantly identified four groups as the "Southwest group", "Guangdong group", "Guangxi group", and "Hainan group" in the accessions studied. Similar results were also found in other studies. In previous studies on Chinese S. spontaneum (Chang et al., 2012) and Indian S. spontaneum (Mary et al., 2006) , it was also found that the genetic relationship between the accessions of S. spontaneum was related to geographical distribution and ecological conditions. All of these studies indicated that geographical factors play an important role in the pattern of the genetic structure within S. spontaneum. Therefore, when collecting S. spontaneum, more attention should be paid to the accessions with agronomic traits or growth habits related to local ecological conditions to enhance the genetic diversity of conserved accessions.
